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Tribological durability properties of extremely thin diamond-like carbon (DLC) ﬁlms (thickness 0.03–
5 nm) deposited using ﬁltered cathodic vacuum arc (FCVA) and plasma-chemical vapor deposition (P-
CVD) methods were evaluated using load-increase-and-decrease, ball-on-disk, and low-load recipro-
cating friction tests. Friction durability notably increased at a certain ﬁlm thickness for FCVA-DLC and P-
CVD-DLC ﬁlms. These thicknesses were nearly equal to surface roughness and corresponded to ﬁlm
thickness at which the nanowear proﬁles changed from protuberance to grooves and at which nano-
scratch resistance increased. Excellent friction durability of FCVA-DLC ﬁlms (thicknessZ0.4 nm), eval-
uated by rapid increase in the friction coefﬁcient, was observed. In contrast, the friction durability of P-
CVD-DLC ﬁlms gradually increased when the ﬁlm thickness was 0.6 nm or greater. When the thickness of
the DLC ﬁlms was 2.0 nm or greater, the ﬁlms did not exhibit a rapid increase in their friction coefﬁcient
within the total number of testing cycles. The tribological properties of extremely thin DLC ﬁlms depend
on ﬁlm thickness; extremely thin FCVA-DLC ﬁlms exhibit excellent wear resistance. The ﬁlm thickness at
which FCVA-DLC ﬁlms endured the total number of test cycles was approximately one-ﬁfth the corre-
sponding thickness of CVD-DLC ﬁlms, evaluated by the three different friction tests.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The development of high-density recording magnetic disk
systems has advanced in recent years. In magnetic disk devices, a
diamond-like carbon (DLC) ﬁlm is usually applied as a protective
layer to the magnetic recording head and the disk [1–7].
Reducing magnetic losses associated with an increase of the
memory density requires that the magnetic space at the magnetic
head–disk interface be reduced, which, in turn, requires a reduc-
tion in the thickness of the DLC protective ﬁlm [5–9]. Improve-
ment in the tribological durability of the magnetic head–disk
interface is important for the future of the magnetic recording
industry. The tribological properties of the protective ﬁlm, such as
its durability, are very important in preventing fracture by contact
sliding, and the importance of these properties increases as the
thickness of the protective ﬁlm decreases. Therefore, methods of
depositing extremely thin protective ﬁlms such as DLC ﬁlms onto
magnetic heads and disks play an important role in realizing
higher-reliability magnetic storage devices.B.V. This is an open access article uTypically, a protective ﬁlm with a thickness of approximately
1 nm is required to achieve higher-density magnetic storage.
However, maintaining mechanical durability with such extremely
thin protective ﬁlms wherein a thickness of 1 nm corresponds to
approximately seven atomic layers of carbon atoms is difﬁcult.
That is, in the case of 1 nm-thick protective ﬁlms, the durability of
the ﬁlms when subjected to friction and wear should be con-
sidered. The plasma chemical vapor deposition (P-CVD) method
[6,7] is used to deposit the thin ﬁlms onto magnetic disks. In
addition, tetrahedral DLC (ta-C) [8–10] thin ﬁlms deposited by
ﬁltered cathodic vacuum (FCVA-DLC) are expected to be applied
to magnetic disks because of their higher hardness and density
[10–13].
In a previous study, we evaluated the nanotribological prop-
erties of extremely thin DLC ﬁlms using atomic force microscopy
(AFM) [14,15]. We successfully evaluated the difference between
the nanotribological properties of approximately 1 nm-thick
FCVA-DLC and P-CVD-DLC ﬁlms and clariﬁed that FCVA-DLC
ﬁlms are hard and exhibit superior nanowear resistance. The
FCVA-DLC ﬁlms were observed to exhibit greater resistance to
plastic wear than the P-CVD-DLC ﬁlms.
In this study, the ﬁlm-thickness dependence of the tribological
properties—especially the durability—of extremely thin DLC ﬁlms
deposited by FCVA and P-CVD methods dependence are evaluatednder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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reciprocating friction tests. We then discuss the mechanism
responsible for the difference in durability between these ﬁlms.2. Experimental method
2.1. Samples
DLC ﬁlms with thicknesses of 0.03, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0,
1.5, 2.0, 5.0, and 100 nm were deposited onto Si(100) wafers using
the FCVA and P-CVD methods [14–18]. In this research, in order to
clarify the ﬁlm thickness at which friction durability is achieved,
we evaluated the dependence of the durability on ﬁlm thickness.
For depositing the extremely thin DLC ﬁlms, we deposited DLC
ﬁlms of various thicknesses, including the insufﬁcient initial layer,
by changing the deposition time, e.g., the 0.03- and 0.1 nm-thick
layers are thinner than the C–C covalent bond length (0.154 nm);
thus, a uniform ﬁlm could not be formed. However, the friction
durability of the 0.03- and 0.1 nm-thick initial layer of DLC ﬁlm is
important for the purpose of this study in order to clarify the
critical thickness at which durability can be achieved. Details of
the ﬁlms deposited in this work are shown in Table 1. The C–C
bond length is approximately 0.154 nm; therefore, a 0.3 nm-thick
layer of carbon atoms corresponds to a thickness of two atoms. At
thicknesses less than 0.1 nm, less than a monolayer carbon, on
average, is deposited on the Si substrate. The model of a 1 nm-
thick DLC ﬁlm coated onto a ﬂat Si surface is approximately seven
carbon atoms thick, as shown in Table 1. Films of different thick-
nesses were obtained by changing the deposition time, and
transmission electron microscopy (TEM) analysis was used to
determine the thickness of each DLC thin ﬁlm. Evaluation of the
deposition rate conﬁrmed that DLC ﬁlms with thickness
approaching the target thicknesses were deposited. The compo-
sition of the ﬁlms varied with the depth and was determined by
Auger electron spectroscopy (AES) proﬁle depth analysis [14].
Surface analysis evaluation did not clearly reveal the structure and
proﬁle of the initially deposited layer of DLC ﬁlm. We attempted to
observe the 0.03- and 0.1 nm-thick DLC ﬁlms using TEM; however,
neither clear layers nor patched proﬁles could be observed. Sub-
sequently, we attempted measurement of the proﬁle, friction
distribution, and electric current distribution using scanning probe
microscopy; however, no clear difference was observed between
these extremely thin 0.03- and 0.1 nm-thick ﬁlms. Therefore, we
investigated the dependence of the friction durability and nano-
mechanical properties on target ﬁlm thickness. The surface pro-
ﬁles were observed by scanning the diamond tip with a radius of
approximately 150 nm over an area of 1 μm1 μm. Surface three-
dimensional (3D) parameters such as Sp (maximum height of
peaks), Sz (maximum height of the surface) and Sa (arithmeticalTable 1
Thickness of FCVA-DLC and P-CVD-DLC ﬁlms.mean height of the surface) were evaluated by atomic force
microscopy (AFM).2.2. Friction and oscillating scratch tests
The three friction tests—load-increase-and-decrease, ball-on-
disk, and low-load reciprocating friction tests—were performed as
shown in Fig. 1(a)–(c). The dependence of the durability of the
ﬁlms on their thickness was mainly evaluated. The test conditions
used in the three friction tests are shown in Table 2. The contact
pressures used and total cycles performed during the three friction
tests were varied to allow the dependence of the ﬁlms' durability
on their thickness to be evaluated. The real Hertzian contact stress
of the DLC-coated Si wafers was difﬁcult to evaluate because the
DLC ﬁlms deposited onto the Si substrates were extremely thin.
Therefore, the contact pressures on the Si substrates were eval-
uated using Young's moduli and Poisson's ratio of Si and each
opposite tip material; these contact stresses are presented in
Table 2.
2.2.1. Load-increase-and-decrease friction tests
Load-increase-and-decrease friction tests (Shinto Scientiﬁc Co.,
Ltd., HHS2000) were performed as shown in Fig. 1(a) to evaluate
the dependence of the friction coefﬁcient of extremely thin DLC
ﬁlms on the number of sliding cycles, the applied load, and the
number of durability cycles. A sample was ﬁxed on the stage,
which reciprocates. The load was increased and decreased when
the stage reciprocated by the load increased or decreased gradu-
ally on the opposite ball specimens, and the friction force was
measured. The test conditions were a reciprocating speed of
5 mm/s and a reciprocating slide length of 10 mm. The load was
increased and decreased between 0.05 and 0.5 N during each
cycle. The total number of reciprocating cycles was 100. The
opposite specimen was Al2O3–TiC ball with a diameter of Φ2 mm.
The contact pressure of the load during the load-increase-and-
decrease friction tests varied from 0.30 to 0.65 GPa.
2.2.2. Ball-on-disk friction tests
A ball-on-disk friction tester (Rhesca Co., Ltd., FPR-2000) was
used to evaluate the dependence of the friction properties on ﬁlm
thickness by one-way directional sliding, as shown in Fig. 1(b). The
test conditions were a load 0.5 N, 2250 total sliding cycle, a turning
radius of 4.0 mm, and a friction speed of 31.4 mm/s. SUS440C
(Φ6 mm) was used as the opposite specimen. The Hertzian contact
stress was 0.27 GPa. The DLC coated sample was mounted onto a
stage, which was rotated while a load was applied to opposite
specimens.
Fig. 1. (a) Load-increase-and-decrease reciprocating friction test. (b) Ball-on-disk type friction test. (c) Low-load reciprocating friction test. (d) Schematic illustration of AE
oscillation sensor on scratch tester.
Table 2
Test condition.
Test method Load-increase-and-decrease recipro-
cating friction test
Ball-on-disk type fric-
tion test
Low-load reciprocating fric-
tion test
Oscillating scratch Nanowear test
Load (N) 0.05–0.5 0.5 0.01 0–0.21 0.0000045
Contact stress on Si
(GPa)
0.47–1.02 0.43 0.28 14.2 17.7
Speed (mm/s) 5 31.4 60 0.029 0.003
Total cycles 100 2250 12,000 1 1(100 scan)
Opposite ball (mm) AlTiC (Φ¼2) SUS440C (Φ¼6) AlTiC (Φ¼2) Diamond stylus
(Φ¼0.03)
Diamond (Φ¼0.0001)
S. Miyake et al. / Wear 356-357 (2016) 66–76682.2.3. Low-load reciprocating friction tests
The high-speed and low-load reciprocating friction tester
(Tech-alpha, KT-852) used in the experiments is shown in Fig. 1(c).
The test conditions were an applied load of 10 mN and a friction
speed of 60 mm/s. The total number of reciprocating cycles was
12,000. The opposite specimen was an Al2O3–TiC ball (Φ2 mm).
The load applied to the samples was 10 mN, and the friction forces
were measured from the force that arose between the sample and
the opposite ball with reciprocating movement of the sample [19].
The contact pressure in these tests, at 0.28 GPa, was the lowest
among the three friction tests used in this work.
2.2.4. Oscillating scratch tests
To clarify the dependence of the scratch resistance properties
of the DLC ﬁlms on their thickness, we performed oscillatingscratch tests (Rhesca Co., Ltd., FPR-2000) on disk samples under
gradually increasing loads applied via lateral vibration of a
diamond-tipped stylus, as shown in Fig. 1(d). A diamond tip with a
radius of approximately 15 μm was used. The oscillating scratch
tests were performed with an angle of inclination θ of 2°. The
gradually increasing load was applied using the diamond stylus
under conditions of a 35 μN/s loading speed and a 200 μN max-
imum load. The load increased constantly with scratch progression
because of the inclination of the sample and constant spring
stiffness of the stylus spring. During the scratch tests, the surfaces
of the DLC samples were damaged at a certain load, which is
referred to as the critical load. The dependence of the repre-
sentative friction force curves on the normal force was obtained by
scratch tests on DLC ﬁlms; the slopes of these friction force curves
correspond to the ﬁlms' friction coefﬁcients.
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Fig. 2. (a) Surface roughness of FCVA-DLC and (b) surface roughness of CVD-DLC.
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3.1. Surface roughness, structure, and composition
3.1.1. Surface roughness
The surface roughness values of the FCVA-DLC ﬁlms and the P-
CVD-DLC ﬁlms are shown in Fig. 2(a) and (b), respectively. The
surface roughness value Sa increased to approximately 0.1–
0.12 nm Sa after deposition of the DLC ﬁlm; the Sa of the Si(100)
substrate was 0.08 nm Sa. The Sa of the DLC ﬁlms increased with
increasing ﬁlm thickness. In contrast, the Sz and Sp of the DLC
ﬁlms decreased with increasing ﬁlm thickness. The difference in
the surface roughness between ﬁlms deposited using the FCVA
and P-CVD methods was slight. The roughness was as low as 0.09–
0.2 nm Sa and was similar to that of the Si substrate.
3.1.2. Structure, density, nanoindentation hardness, and thickness of
deposited ﬁlms
The properties such as the structure and density of these
100 nm-thick DLC ﬁlms deposited by FCVA and P-CVD methods
have previously been evaluated by Raman spectroscopy and
Rutherford back-scattering spectroscopy (RBS) [14,15]. Raman
spectroscopy revealed that the FCVA-DLC and P-CVD-DLC ﬁlms
have tetrahedral hydrogen-free structures and amorphous
hydrogen-containing carbon ﬁlms, respectively. RBS indicated that
the densities of these FCVA-DLC and P-CVD-DLC are 3.30 g/cm3
and 1.87 g/cm3, respectively; thus, the density of the FCVA-DLC
ﬁlm was 1.7 times greater than that of the P-CVD-DLC ﬁlm. The
nanoindentation hardness of a 100 nm-thick FCVA-DLC ﬁlm has
been previously determined to be approximately 57 GPa, which
was 2.3 times greater than the reported hardness of the P-CVD
DLC ﬁlm (25 GPa) [14].The relationship between the actual thickness and target
deposition thickness was evaluated by TEM and AES methods. The
thickness of each DLC ﬁlm was conﬁrmed by TEM, and the carbon
and silicon depth distributions were determined using AES.
Notably, the escape depth of the Auger electrons affected these
measurements. In addition, because these ﬁlms are very thin and
their detailed structure is unknown, their actual thicknesses are
difﬁcult to determine. However, on the basis of the AES data, the
thickness of each DLC ﬁlm is concluded to be similar to the target
value [14].
3.2. Dependence of friction properties on ﬁlm thickness
3.2.1. Load-increase-and-decrease reciprocating friction tests
The dependence of the friction force and friction coefﬁcient on
the load and number of reciprocating cycles on the Si substrate are
shown in Fig. 3(a) and (b), respectively. Si(100) exhibited a high
friction coefﬁcient after a few reciprocating cycles of sliding. In
addition, the value of the friction coefﬁcient at each sliding cycle
was similar. Silicon oxide surface layers were removed easily by
repeated slidings and resulted in an increase of the friction
coefﬁcient.
The dependence of the friction coefﬁcient of 0.2- and 0.3 nm-
thick FCVA-DLC ﬁlms on the reciprocating cycle and load is shown
in Fig. 4. The 0.03–0.2 nm-thick FCVA-DLC ﬁlm exhibited friction
properties similar to those of Si(100). In the case of 0.03–0.2 nm-
thick FCVA-DLC ﬁlms, the number of durability cycles until the
friction increased was as few as two cycles. However, the friction
coefﬁcient of the 0.3 nm-or-thicker FCVA-DLC ﬁlms decreased to
μE0.2, which is approximately half of that of the Si(100) ﬁlm. In
the case of the 0.3 nm-thick FCVA-DLC ﬁlm, the effect the ﬁlm was
clearly observed and the ﬁlm was subjected 97 friction endurance
cycles before a rapid increase in the friction coefﬁcient was
observed. The thickness of 0.3 nm corresponds to approximately
twice the diameter of a carbon atom. Thus, a layer of carbon atoms
approximately two atoms thick reduces the friction coefﬁcient and
increases the durability. In the case of ﬁlms with a thickness of
0.4 nm or greater, the effect of the FCVA-DLC ﬁlm was obvious and
the number of durability cycles reached 100 cycles without a rapid
increase in the friction coefﬁcient.
In contrast, the 0.03–0.4 nm-thick P-CVD-DLC ﬁlms exhibited
friction properties similar to those of Si(100). The friction coefﬁ-
cient rapidly increased after 1–5 cycles in the case of P-CVD-DLC
ﬁlms less than 0.4 nm thick. The dependence of the friction coef-
ﬁcients of the 0.6 nm- and 0.8 nm-thick P-CVD-DLC ﬁlms on
reciprocating cycle and load is shown in Fig. 5. The 0.6 nm- and
0.8 nm-thick P-CVD-DLC ﬁlms endured 20 and 70 cycles, respec-
tively. The friction coefﬁcient of P-CVD-DLC ﬁlms with a thickness
of 0.6 nm or greater decreased to μE0.2. The 1.0 nm- and 1.5 nm-
thick P-CVD-DLC ﬁlms endured 50 and 80 cycles, respectively. The
friction coefﬁcients of DLC ﬁlms with a thickness of 2.0 nm or
greater stabilized, and these ﬁlms endured more than 100 cycles.
Fig. 6 shows the dependence of the number of friction dur-
ability cycles on ﬁlm thickness. A remarkable difference was
observed between FCVA-DLC and P-CVD-DLC ﬁlms with respect to
friction durability for ﬁlm thicknesses of 0.3–1.5 nm. The FCVA-
DLC ﬁlmwere remarkably more durable than the P-CVD-DLC ﬁlms.
The number of friction endurance cycles before the friction coef-
ﬁcient substantially increased in the case of the FCVA-DLC ﬁlms
increased remarkably when the ﬁlm thickness was 0.3 nm or
greater. In contrast, the corresponding number of endurance cycles
in the case of the P-CVD-DLC ﬁlms gradually increased with
increasing ﬁlm thickness when the ﬁlm thickness was 0.6 nm or
greater.
The friction damage photographs after 100 cycles of friction
testing are shown in Fig. 7. The bare Si(100) substrate exhibited
Friction force Friction coefficient
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Fig. 3. Friction force and friction coefﬁcient of Si substrates (a) friction force and (b) friction coefﬁcient.
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S. Miyake et al. / Wear 356-357 (2016) 66–7670the greatest damage. The friction coefﬁcient of the Si(100) sub-
strate was high because induced by the sliding motion. The
damage to the 0.2 nm-thick FCVA-DLC ﬁlm was substantial and
similar to that of the Si(100) substrate. In the case of the 0.2 nm-
thick FCVA-DLC ﬁlm, the friction coefﬁcient increased at thesecond cycle, similar to the observed increase of the friction
coefﬁcient of the Si(100) substrate. We therefore deduced that the
carbon layer was easily removed. The damage width of the
0.3 nm-thick FCVA-DLC ﬁlm was decreased to approximately
10 μm. The 0.3 nm-thick FCVA-DLC was effective until 97 cycles, at
S. Miyake et al. / Wear 356-357 (2016) 66–76 71which point the friction coefﬁcient increased rapidly. The width of
damage decreased rapidly with increasing ﬁlm thickness; thus,
only a small sliding scar was observed on the 1.0 nm-thick FCVA-
DLC ﬁlm.
In contrast, the P-CVD-DLC ﬁlms exhibited a low density and
low hardness. Consequently, damage to the 0.6 nm-thick P-CVD-
DLC ﬁlm gradually progressed and reached the Si(100) substrate;
the friction coefﬁcient substantially increased at 20 reciprocating
cycles. The 0.8 nm-thick P-CVD-DLC ﬁlm was also gradually
damaged by sliding. The endurance of the 0.8 nm-thick DLC ﬁlm
was extended to 58 cycles. The damage width of the 1.0 nm-thick
P-CVD-DLC ﬁlm was approximately half the damage width of the
Si(100) substrate. The extent of damage decreased gradually with
increasing ﬁlm thickness; in the case of the 2.0 nm-thick P-CVD-
DLC ﬁlm, no damage was observed. These results correspond to
the change in friction coefﬁcient.
The durability of the P-CVD-DLC ﬁlms was gradually improved
with increasing ﬁlm thickness, although thicker ﬁlms were
required to match the durability of the FCVA-DLC ﬁlms. The FCVA-
DLC ﬁlms are hard and brittle; therefore, when the DLC ﬁlm is
removed by fracture, the damage advances to the fracture of the
ﬁlm. However, the strength of the P-CVD-DLC ﬁlms is lower than
that of the FCVA-DLC ﬁlms; therefore, the surface carbon atoms0
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Fig. 6. Friction durability dependence on ﬁlm thickness by load-increase-and-
decrease reciprocating tests.
Fig. 7. Friction surfaces after load-incare gradually removed by sliding, exposing the Si substrate. The
FCVA-DLC ﬁlms match the total number of sliding cycles of the
CVD-DLC ﬁlms at one-ﬁfth their thickness.
3.2.2. Ball-on-disk tests
The dependence of the friction coefﬁcient of the FCVA-DLC
ﬁlms on the ﬁlm thickness and number of sliding cycles, as eval-
uated by ball-on-disk friction, is shown in Fig. 8. The friction
coefﬁcient of the FCVA-DLC ﬁlms thicker than 1.0 nm is low and
stable. In contrast, the friction coefﬁcient of the less-than-1.0 nm-
thick P-CVD-DLC ﬁlms increased during the early stage of the
friction test, as shown in Fig. 9. The friction durability was eval-
uated on the basis of the number of sliding cycles required to
induce a substantial increase of the friction coefﬁcient. The num-
ber of sliding cycles increased with increasing ﬁlm thickness. In
particular, substantial differences in durability between the FCVA-
DLC and P-CVD-DLC ﬁlms with the same ﬁlm thickness of 1.0, 1.5,
and 2.0 nm were clearly observed. The durability of the FCVA-DLC
ﬁlms is superior to that of the P-CVD-DLC ﬁlms. The 1 nm-thick
FCVA-DLC and 5 nm-thick P-CVD-DLC ﬁlms endured 2250 total
sliding cycles during the ball-on-disk tests. The FCVA-DLC ﬁlms
also endured the same total number of sliding cycles as the P-CVD-rease-and-decrease friction tests.
Fig. 8. Friction properties of FCVA-DLC ﬁlms by ball-on-disk type friction test.
S. Miyake et al. / Wear 356-357 (2016) 66–7672DLC ﬁlms at one-ﬁfth their thickness. Photographs of the damage
to the 1.0 nm-thick DLC ﬁlms and the Si substrate after the ball-
on-disk tests are shown in Fig. 10. The wear of the 1.0 nm-thick
FCVA-DLC ﬁlm was hardly observed. In contrast, the 1.0 nm-thick
P-CVD-DLC ﬁlm was deeply damaged, similar to the bare Si
substrate.
3.2.3. Low-load reciprocating friction tests
The dependence of the friction coefﬁcient of the FCVA-DLC and
P-CVD-DLC ﬁlms on their thickness and the number of sliding
cycles during low-load reciprocating friction tests was evaluated
[18]. The friction coefﬁcient of the FCVA-DLC ﬁlms was stable at
ﬁlm thickness greater than 1.0 nm. The friction coefﬁcient
increased with increasing number of sliding cycles when the ﬁlm
thickness was 0.8 nm or less. In contrast, the friction coefﬁcients of
the P-CVD-DLC ﬁlms with a thickness less than 1.0 nm increased
immediately from the ﬁrst cycle and ﬁlms exhibited friction
coefﬁcients similar to that of the bare Si(100) substrate. Friction
durability was evaluated on the basis of the number of recipro-
cating cycles required to induce a rapid increase in the friction
coefﬁcient. The difference in durability between the 1.0-, 1.5-, and
2.0 nm-thick DLC ﬁlms was notably similar the differences
observed in the ball-on-disk friction tests. The wear resistance of
the FCVA-DLC ﬁlm is superior to that of P-CVD-DLC ﬁlm as shownFig. 9. Friction properties of P-CVD-DLC ﬁlms by ball-on-disk type friction test.
Fig. 10. Friction surfaces after friction tests by ball-on-disk type friction tests. (Totin Fig. 11. The 1 nm-thick FCVA-DLC and 5 nm-thick P-CVD-DLC
ﬁlms both endured 12,000 sliding cycles during the low-load
reciprocating friction tests. Again, the FCVA-DLC ﬁlms endured
the same total number of sliding cycles as the P-CVD-DLC ﬁlms at
one-ﬁfth their thickness.
3.2.4. Oscillating scratch tests
The dependence of the friction coefﬁcients of the FCVA-DLC
and P-CVD-DLC ﬁlms on the applied load was evaluated using
oscillating scratch tests; the results are shown in Figs. 12 and 13,
respectively. The load determined from the sharp increase in the
ﬁction coefﬁcient was evaluated as the critical load Lc of large
damage formation. The friction coefﬁcients of DLC ﬁlms thinner
than 0.4 nm increased rapidly at a certain critical load, i.e., the
critical load; the determined critical loads are shown in Fig. 14. The
critical load of the Si substrate was relatively high. The critical
loads of the FCVA-DLC and P-CVD-DLC ﬁlms decreased with
increasing ﬁlm thickness until the thicknesses reached 0.3 nm and
0.4 nm, respectively. FCVA-DLC and P-CVD-DLC ﬁlms with thick-
nesses greater than 0.4 nm and 0.6 nm, respectively, endured the
oscillating scratch test. Thus, the ﬁlm thickness ratio of the P-CVD-
DLC ﬁlm to FCVA-DLC ﬁlm is 1.5, as shown in Table 3. The critical
loads of the 0.01–0.3 nm-thick FCVA-DLC ﬁlms were lower than
those of the corresponding P-CVD-DLC ﬁlms. Furthermore, the
critical loads of these thin DLC ﬁlms decreased with increasing
ﬁlm thickness. The surface could not be uniformly covered with
0.01–0.4 nm-thick DLC ﬁlms because the maximum surface
roughness is approximately 0.3 nm Sp. Given that the diameter of
a carbon atom is approximately 0.14 nm, the DLC surface appears
to be irregular; as a result, carbon layers were easily removed by
an abrasive action of a sharp diamond tip during the oscillating
scratch tests. At ﬁlm thicknesses up to 0.3 nm, the critical load of
the DLC ﬁlms decreased with increasing ﬁlm thickness. The irre-
gular portion of the surface is considered to be the starting point
of the destruction of the carbon layer. The irregular regions of the
DLC surfaces, in particular, are considered to be prone to
destruction. Moreover, the thin FCVA-DLC ﬁlms tend to exhibit
brittle destruction at this point because the FCVA-DLC ﬁlms are
hard and brittle [15]. The P-CVD DLC ﬁlms are softer than the
FCVA-DLC ﬁlms, and a 0.4 nm-thick P-CVD-DLC ﬁlm was removed
by the abrasive action of a diamond tip. In contrast, the Si oxide
layer was uniform, making surface fracture relatively difﬁcult.al 2250 cycles) (a) FCVA-DLC 1.0 nm, (b) P-CVD-DLC 1.0 nm, and (c) Si (100).
Fig. 11. Friction surfaces after low-load reciprocating friction tests. (Total 12,000 cycles) (a) FCVA-DLC 1.0 nm, (b) P-CVD-DLC 1.0 nm, and (c) Si (100).
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3.3.1. Dependence of durability on ﬁlm thickness
The dependence of the relative friction durability of the FCVA-
DLC ﬁlms was evaluated using three friction tests and an oscil-
lating scratch test; the results are shown in Fig. 15. The relative
durability of the ﬁlms in the friction tests was evaluated on the
basis of the number of durable cycles divided by the total numberof test cycles. The relative durability of the ﬁlms in the oscillating
scratch tests was evaluated on the basis of the critical load divided
by the maximum test load.
Moreover, in the low-load reciprocating friction tests, the fric-
tion durability improved gradually with increasing ﬁlm thickness
when the ﬁlm thickness was 0.4 nm. This 0.4 nm thickness cor-
responds to the lowest critical load determined by the oscillating
scratch tests. In cases where the surfaces of the FCVA-DLC ﬁlms
were durable and not destroyed during these friction tests, the
thickness of the ﬁlms exceeded 1.0 nm.
The dependence of the relative friction durability of the P-CVD-
DLC ﬁlms on the ﬁlm thickness, as evaluated by the three friction
tests and the oscillating scratch test, is shown in Fig. 16. The ﬁlm
thickness at which the P-CVD-DLC ﬁlms were durable and not
destroyed was greater than 5.0 nm. The number of endurance
cycles exceeded the number of cycles in all of the friction tests.
Moreover, in the case of the load-increase-and-decrease friction
tests, the friction durability gradually increased with increasing
ﬁlm thickness when the ﬁlm thickness exceeded 0.6 nm.
The effect of increasing relative durability was observed for 0.3-, 1.0-,
and 0.4 nm-thick FCVA-DLC ﬁlms, evaluated by the load increase-and-
decrease, ball-on-disk, and low-load reciprocating friction tests, as
shown in Table 3. In all the friction tests, the minimum effective ﬁlm
thickness of the P-CVD-DLC ﬁlms was greater than that of the FCVA-
DLC ﬁlms. In the load increase-and-decrease, ball-on-disk, and low-load
reciprocating friction tests, the relative durability of the P-CVD-DLC
ﬁlms began to increase at ﬁlm thicknesses of 0.6, 2.0, and 1.5 nm,
respectively.
Table 3
Critical ﬁlm thickness of the durability and mechanical properties.
Test method Film thickness begin to effective Film thickness has durability Critical thickness Critical thickness
Load-increase-and-
decrease reciprocating
Ball-on-
disk type
Low-load
reciprocating
Load-increase-and-
decrease reciprocating
Ball-
on-
disk
Low-load
reciprocating
Ocillating scratch Nanowear
FCVA (nm) 0.3 1.0 0.4 0.4 1.0 1.0 0.4 1.0
P-CVD (nm) 0.6 2.0 1.5 2 5 5 0.6 1.5
Thickness ratio of
P-CVD to FCVA
2.0 2.0 3.7 5 5 5 1.5 1.5
0.4 
0.03 
0.1 0.3 
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Fig. 15. Critical reciprocating cycles of FCVA-DLC ﬁlms dependence on ﬁlm
thickness.
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Fig. 16. Critical reciprocating cycles of P-CVD-DLC ﬁlms dependence on ﬁlm
thickness.
Fig. 17. Nanowear depth of FCVA-DLC ﬁlms dependence on ﬁlm thickness.
Fig. 18. Nanowear depth of P-CVD-DLC ﬁlms dependence on ﬁlm thickness.
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the total test cycles and the thickness ratios of P-CVD-DLC to
FCVA-DLC ﬁlms are shown in Table 3. The ﬁlm thickness of the
FCVA-DLC and P-CVD-DLC ﬁlms that reached the durability cycles
evaluated by ball-on-disk friction tests and low-load reciprocating
friction tests was 1.0 and 5.0 nm, respectively. However, the critical
thicknesses of the FCVA and P-CVD DLC ﬁlms, as evaluated by the
load-increase-and-decrease tests, were 0.4 and 2.0 nm, respec-
tively. These thicknesses are smaller than those determined by
other tests. This difference in the critical ﬁlm thickness deter-
mined using various test methods was inﬂuenced by the total
number of friction cycles and the contact stress. In the case of the
load-increase-and-decrease friction tests, the total number of
sliding cycles was the smallest; however, the maximum Hertzian
stress was comparatively high.The relationship between the relative critical durability ﬁlm
thickness and surface-roughness (i.e., 1 nm Sz, 0.5 nm Sp, and
0.1 nm Sa) of the DLC ﬁlms was investigated. The ﬁlm thickness at
which the friction coefﬁcient of the FCVA-DLC ﬁlms began to
substantially increase with increasing number of friction cycles
was 0.3 nm, which is similar to the roughness Sa and Sp. A sub-
stantial effect on the durability of the FCVA-DLC ﬁlms was
observed at a layer thickness of 2–3 carbon atoms. However, the
corresponding effective thickness of the CVD-DLC ﬁlms was
0.6 nm—twice that of the FCVA-DLC ﬁlms. The cycling durability of
the FCVA-DLC ﬁlms increased remarkably when the ﬁlm thickness
was 1 nm or greater. This thickness corresponds to the surface
roughness Sz of these specimens. In contrast, the corresponding
durable ﬁlm thickness of the P-CVD DLC ﬁlms was greater than
S. Miyake et al. / Wear 356-357 (2016) 66–76 755 nm, which explains why the plastic deformation resistance of
the P-CVD DLC ﬁlms is lower than that of the FCVA-DLC ﬁlms.
3.3.2. Relationship between the friction durability and the nanowear
and scratching resistance
We compared the effects of ﬁlm thickness on the durability and
nanowear properties of the ﬁlms. Fig. 17 shows the AFM images of
the wear depth of the FCVA-DLC ﬁlms evaluated by the nanowear
tests [15]. In the nanowear tests, a groove and protuberance are
formed. The protuberance is formed by the tribochemical oxida-
tion of the Si substrate [15]. FCVA-DLC ﬁlms with a thickness less
than 0.8 nm protuberate and those thicker than 1 nm wear. The
thinner FCVA-DLC ﬁlms were removed by diamond-tip sliding,
which exposed the Si substrate and resulted in the formation of
protuberances via tribochemical reaction [15]. In contrast, the P-
CVD-DLC ﬁlms protuberate at thicknesses less than 1 nm and wear
at thicknesses greater than 1.5 nm, as shown in Fig. 18. The ﬁlm
thicknesses of the FCVA and P-CVD-DLC ﬁlms that exhibit proﬁle
changes from protuberance to groove are 1.0 and 1.5 nm, respec-
tively. These thick DLC ﬁlms prevent protuberance formation by
tribochemical reaction and produce grooves. Moreover, the thick-
ness of a P-CVD-DLC ﬁlm that begins to protuberate is greater than
that of a FCVA-DLC ﬁlm. The thinner FCVA-DLC ﬁlm can prevent
the tribochemical reaction leading to protuberation. The tribo-
chemical resistance of the P-CVD-DLC ﬁlms is lower than that of
the FCVA-DLC ﬁlm. This nanowear dependence on ﬁlm thickness is
similar to the observed dependence of the number of relative
durability on the ﬁlm thickness, as shown in Figs. 15 and 16. The
ratio between the ﬁlm thickness of P-CVD-DLC and FCVA-DLC at
which the surface proﬁle changes to groove is 1.5, and these
thicknesses approximately correspond to the ﬁlm thicknesses at
which the friction durability begins to increase, as shown in
Table 3. The durability of the macro- and micro-tribological
properties also correspond to each other.
Nanometer-scale mechanical properties such as plastic defor-
mation can be evaluated from the nanowear depth under groove-
formation conditions. The wear depths of P-CVD-DLC ﬁlms thicker
than 2 nm are approximately 1 nm and twice the wear depths of
FCVA-DLC ﬁlms thicker than 1 nm, as shown in Figs. 17 and 18. The
nanowear results indicate that the FCVA-DLC ﬁlms exhibit greater
nanowear resistance than the P-CVD-DLC ﬁlms. The shallow
nanowear depths of the FCVA-DLC ﬁlms indicate the superior to
plastic deformation resistance of these ﬁlms. The nanoindentation
hardnesses of the FCVA-DLC and P-CVD-DLC ﬁlms are 57 and
25 GPa [16], respectively, and their densities are 3.3 and 1.9 kg/
mm3, respectively. Therefore, the hardness and density ratios
between FCVA-DLC and P-CVD-DLC ﬁlms are 2.3 and 1.7, respec-
tively. These nanoscale mechanical properties correspond to
each other.
By contrast, the results of the oscillating scratch tests indicate
that the ﬁlm thicknesses at which the critical load exceeds the
tested load of the FCVA-DLC and P-CVD-DLC ﬁlms are 0.4 nm and
0.6 nm, respectively. Therefore, the critical thickness of the P-CVD-
DLC ﬁlms is also thicker by a ratio of 1.5 compared to that of the
FCVA-DLC ﬁlms. The thickness ratio (1.5) of the nanowear proﬁle
change and the durable ﬁlm thickness ratio (1.5) determined by
the oscillating scratch test inversely correspond to the ratio of the
density (1/1.7), hardness (1/2.3) and nanowear depth (1/2) of
FCVA-DLC to CVD-DLC ﬁlms. The scratch and nanowear tests were
performed using only a single abrasion sliding motion of a dia-
mond tip, and the resistance directly corresponds to the hardness
and the density. Therefore, the ratio between the durable ﬁlm
thickness of the FCVA-DLC and P-CVD-DLC ﬁlms corresponds to
their hardness and density ratios.
In the macroscopic durability evaluation, the effective dur-
ability thickness ratio of the P-CVD-DLC to FCVA-DLC ﬁlms was 2,2, and 3.7, as determined by the load increase-and-decrease, ball-
on-disk, and low-load reciprocating friction tests, respectively.
These effective durability thickness ratios are slightly larger than
the ratios of the nanomechanical properties. All the durability
thickness ratios were large and equal to 5 when evaluated on the
basis of the effective durability thickness ratio of the P-CVD-DLC to
FCVA-DLC ﬁlms, as shown in Table 3. From these results, we
deduced that macroscopic friction durability can be reliably eval-
uated by numerous repeated cycle frictions under the assumption
that the durability of the DLC ﬁlm is severely inﬂuenced by the
plastic deformation resistance properties at lower contact stress.
The P-CVD-DLC ﬁlm was gradually removed even at low contact
stress because the P-CVD-DLC ﬁlm has low wear resistance and
low adhesion strength. Therefore, to endure the friction cycles, a P-
CVD-DLC ﬁlm must be nearly ﬁve times thicker than a FCVA-
DLC ﬁlm.4. Conclusion
Friction durability of extremely thin FCVA-DLC and P-CVD-DLC
ﬁlms were evaluated using three friction tests, including
oscillating-scratch and nanowear tests that have different move-
ment styles and contact pressures. The following results were
obtained.
(1) The durability difference between extremely thin FCVA-DLC
ﬁlms and P-CVD-DLC ﬁlms was evaluated. Three different
friction tests revealed that a similar durability dependence
on ﬁlm thickness was obtained irrespective of the friction
conditions. The friction coefﬁcient of ﬁlms less than 0.4 nm
thick is high, and few durability cycles were required to induce
a rapid increase in the friction coefﬁcient. With increasing ﬁlm
thickness, the friction coefﬁcient decreased and the number of
durable cycles increased.
(2) With respect to the dependence of friction durability on ﬁlm
thickness, the friction durability notably increased at a certain
ﬁlm thickness. In the case of FCVA-DLC and P-CVD-DLC ﬁlms
with the same thickness in the range from 0.2 to 3.0 nm, the
durability of the FCVA-DLC ﬁlms, as determined by three
different friction tests, was superior to that of the P-CVD-
DLC ﬁlms. The thickness of the FCVA-DLC ﬁlms at which the
number of durability cycles required to induce a substantial
increase in the friction coefﬁcient was approximately 2–3
carbon atoms; this thickness corresponds to the ﬁlm thickness
at which the nanowear proﬁles changed from protuberance to
and at which the scratch resistance increased. From these
results, we deduced that the superior durability of the FCVA-
DLC ﬁlm is a consequence of the nanowear resistance, hard-
ness and density of the FCVA-DLC ﬁlms being higher than
those of the P-CVD-DLC ﬁlms.
(3) The ratio between the durable ﬁlm thicknesses of the FCVA-
DLC and P-CVD-DLC ﬁlms was approximately 1/5, as evaluated
by the three friction tests used in this study. The difference in
durability between the FCVA- and CVD-DLC ﬁlms is larger
than the differences in nanowear and scratch resistance. These
results can be explained on the basis of differences in contact
stress and total sliding cycles.Acknowledgments
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